Introduction
Stroke is a common cause of adult-onset disability in China. A large number of stroke patients retain residual neurological deficits 6 months after experiencing a stroke, and approximately 65% of patients remain unable to use their affected hands in daily activities at this time point; 1 this has a consequent impact on their quality of life. 2 Studies have demonstrated that 25 -45% of
OBJECTIVE:
Previous studies have indicated that diffusion tensor imaging (DTI) values are related to clinical outcome in stroke patients. This prospective study explored whether DTI values were predictive for hand function outcome in chronic stroke patients. METHODS: The DTI parameters (rl 1 , rl 23 . RESULTS: Significant differences were found between CPH and PPH for rFA and rl 23 (sCST analysis) and for rMD and rl 23 (ROI analysis). The rl 23 (sCST analysis) correlated with the NIHSS; the rMD (sCST analysis) correlated with the FMA (hand). CONCLUSION: The three parameters, rFA, rl 23 and rMD may have predictive value for evaluating hand function outcome in chronic stroke patients. Predicting hand motor outcome in chronic stroke stroke patients experience some return of function to the affected hand in the first 3 months after the stroke. 3 -5 An accurate assessment of prognosis in the early stages of the stroke could enable doctors to set rehabilitative goals and predict final disability levels.
The corticospinal tract (CST) is the main pathway mediating voluntary movements: a series of imaging studies revealed that motor outcome was mainly dependent on the integrity of the CST. 6 -8 Other studies have demonstrated the predictive value of diffusion tensor tractography (DTT) in stroke patients. 9 -12 Studies that focus on paralysed hands are rare, however.
If the outcome for the hands could be predicted at an early stage in patients with completely paralysed hands, such patients could receive more treatment for other limbs or functions in order to improve their quality of life. Thus, the present study investigated the predictive value of diffusion tensor imaging (DTI) for hand function outcome in chronic stroke patients.
Patients and methods

STUDY POPULATION
Consecutive stroke patients with completely paralysed hands (CPH) or partially paralysed hands (PPH), treated at outpatient and inpatient services at the Huashan Hospital of Fudan University, Shanghai, China, between May 2010 and May 2011, were enrolled in this prospective study. Inclusion criteria for the study specified that patients: be 'first time' stroke patients (confirmed by computed tomography or magnetic resonance imaging [MRI]); were admitted to the hospital 3 months after the onset of the stroke; were aged between 30 and 80 years; retained sufficient cognitive abilities to understand the testing and procedures (Mini-Mental State Examination 13 score ≥ 22). Exclusion criteria were: unstable vital signs or organ failure; quadriplegia; previous history of cerebrovascular disease and hand dysfunction. Patients were divided into two groups: those with CPH and those with PPH. Patients were also evaluated using the Fugl-Meyer Assessment (FMA) 14 and the National Institutes of Health Stroke Scale (NIHSS), 15 in an interview with a doctor. The NIHSS comprised 15 items: a score of < 6 indicated that the outcome was good; a score of > 16 indicated that the outcome was very poor. The overall score of the hand section of the FMA was on a scale of 0 -20, where 20 indicated very good functionality and 0 indicated very poor functionality. This study was approved by the Ethics Committee of Huashan Hospital, Fudan University and all patients signed informed consent forms, covering all issues relating to the study, before further MRI examinations were undertaken.
MRI EXAMINATION
All subjects were examined by a 3.0T Siemens Tim Trio™ whole-body MRI system (Siemens, Erlangen, Germany). For DTI, 30 images with noncollinear diffusion gradients (b = 1000 s/mm 2 ) and one nondiffusion-weighted image (b = 0 s/mm 2 ) were collected, with a single-shot echo planar imaging sequence. An integrated parallel acquisition technique with an acceleration factor of two was employed to reduce the acquisition time, thereby achieving images with less distortion from susceptibility artifacts. Forty slices were collected from the head of each participant in the cerebral peduncle. The related indices were: field of view 256 × 256 mm; acquisition matrix 128 × 128; number of averages two; slice thickness 3 mm (no gap); echo time 110 ms; repetition time 6100 ms.
DATA PROCESSING
The data were preprocessed by Functional Predicting hand motor outcome in chronic stroke MRI of the Brain (FMRIB) free software library version 4.1.4 (available from the Oxford Centre for Functional MRI of the Brain, Oxford, UK). First, all images were visually checked by two radiologists to exclude any apparent artifacts, then eddycurrent distortion and head motion were corrected. A series of diffusion tensor eigenvalues (λ 1 , λ 2 and λ 3 ) were obtained from the images, based on the FMRIB Diffusion Toolbox (Oxford Centre; λ 23 was achieved by finding the mean of λ 2 and λ 3 ). The value of MD (mean diffusivity; the mean magnitude of molecular motion) and FA (fractional anisotropy; the directionality of molecular motion) were generated using the following equations:
For the segment of the corticospinal tract (sCST) analysis, a normalized tract region of interest (ROI) analysis was adopted, based on the diffusion parameters between a sCST from the top of the cerebral peduncle to the bottom of the pons and a segment of the corpus callosum. Tractography for the corpus callosum and CST was performed by DTI Studio version 3.0.2 software (available free from the Radiology Department, Johns Hopkins University, Baltimore, MD, USA). The FA threshold was 0.2 and the angle transition threshold was 45° during tracking.
In addition, the diffusion indices between the two groups (PPH and CPH) were studied with a pure ROI method. For the pure ROI method, the cerebral peduncle was selected as the ROI, based on previous experiments indicating that there was clear Wallerian degeneration in this area. After examining the images of the cerebral peduncle, two obvious consecutive slices were selected in the same layer of every patient. The ROI was established on both the ipsilateral and contralateral MD, FA, λ 1 , λ 2 and λ 3 images of one of the two consecutive slices. All the procedures were repeated for the other slice. The parameters were generated according to the following equations:
The weighted mean of MD ipsilateral :
Where S 1 indicates the area of the first slice on the affected side, S 2 indicates the area of the second slice on the affected side, S 3 indicates the area of the first slice on the unaffected side and S 4 indicates the area of the second slice on the unaffected side. MD 1 indicates the MD value of the first slice on the affected side, MD 2 indicates the MD value of the second slice on the affected side, MD 3 indicates the MD value of the first slice on the unaffected side and MD 4 indicates the MD value of the second slice on the unaffected side.
Finally, the ratios for each parameter were calculated using the following equation (example for rMD):
The ratio for the other (rλ 1 , rFA, rλ 23 ) parameters was calculated in the same way.
STATISTICAL ANALYSES
The data were analysed with the SPSS ® software package version 16.0 (SPSS Inc., Chicago, IL, USA) for Windows ® . An independent samples Student's t-test was used to evaluate the parameters of the CPH and the PPH groups. Spearman's correlation coefficient (r) was used to assess possible correlations between the values of rFA, rMD and rλ 23 (ROI and sCST analyses) and the 
Results
In total, 20 stroke patients -10 with CPH and 10 with PPH -were enrolled in the study. Baseline demographic and clinical characteristics for these patients are shown in Tables 1 and 2.
In the sCST analysis there were significant differences between the CPH group and the PPH group for rFA (P < 0.001) and rλ 23 (P = 0.015), but not for rMD and rλ 1 ( Table 3 ). In the pure ROI analysis, there were significant differences between the CPH group and the PPH group for rMD (P = 0.014) and rλ 23 (P = 0.016), but not for rFA and rλ 1 ( Table 4 ).
The rλ 23 (sCST analysis) was significantly correlated with the NIHSS result (r = -0.489, P = 0.029), and the rMD (sCST analysis) was significantly correlated with the FMA (hand) (r = -0.512, P = 0.021; Table 5 ). There was no correlation between the rFA (sCST analysis) and the clinical scales, rλ 23 (sCST analysis) and the FMA (hand), or between the rMD (sCST analysis) and the NIHSS ( Table 5 ).
Discussion
Several studies have demonstrated that DTI can be used for predicting motor outcome in stroke patients. 16 -18 Such studies can be divided into two groups, based on which DTI parameters were used: the indices of DTI in or near the lesion; 16, 18 or the interrupted corticospinal tract achieved by DTT. 17 A further study showed that the severity of damage to the CST -based on the DTI result -was correlated with the muscle strength of the affected hand, indicating that DTI could be used for investigating stroke-related injury. 19 As in previous studies, 20 -22 a series of ratios (not the exact values) were used in the analyses in the present study, which reduced 
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the errors between individuals. This method relied on the premise that each stroke did not obviously affect the contralesional CST, so the ratios were comparable between individuals, as found in other research; 23 this supports the use of ratios to assess the severity of CST damage in stroke patients.
There were significant differences between the CPH group and the PPH group for rFA and rλ 23 in the sCST analysis in the present study, as well as significant differences between the groups for rMD and rλ 23 in the pure ROI analysis. Furthermore, the rλ 23 of the sCST analysis was correlated with the NIHSS, and the rMD of the sCST was correlated with the FMA (hand). Such results indicate that rFA, rλ 23 and rMD may be good indices for predicting the outcome of hand function in stroke patients. An increase in rλ 23 corresponds to degradation of the myelin sheath, resulting in water molecules having greater access to the axons. 24 In the present study, the mean value of rλ 23 in the CPH group was higher than the mean value in the PPH group, indicating that rλ 23 was a good marker for detecting the degree of damage to the CST. A previous study also found partial correlations between FA values, together with directional diffusivities of CST and motor outcome in chronic stroke patients, which showed the value of DTI for predicting motor outcome. 25 Both the sCST and pure ROI analyses indicated that there was no difference between the CPH group and PPH group for the parameter of λ 1 . Thus, the correlation between the λ 1 and the clinical measures was not studied. The remaining three parameters (rFA, rλ 23 and rMD) were compared with clinical measures.
Patients in the chronic stage of stroke in the present study, as opposed to the acute phase, were used to investigate the predictive value of DTI for hand function outcome. 23 1.387 ± 0.202 1.128 ± 0.244 2.657 P = 0.016 a Independent samples Student's t-test was used to evaluate the parameters of the CPH and the PPH groups. NS, not statistically significantly different (P ≥ 0.05). MD, mean diffusivity (average magnitude of molecular motion); FA, fractional anisotropy (directionality of molecular motion); λ 1 , diffusion tensor eigenvalue; λ 23 , the mean of the diffusion tensor eigenvalues λ 2 and λ 3 ; the ratios (r) of each parameter were calculated using, for example, rMD = MD ipsilateral /MD contralateral . MD, mean diffusivity (average magnitude of molecular motion); FA, fractional anisotropy (directionality of molecular motion); λ 23 , the mean of the diffusion tensor eigenvalues λ 2 and λ 3 ; the ratios (r) of each parameter were calculated using, for example, rMD = MD ipsilateral /MD contralateral . Acute-phase patients were not used in this study because such patients have been found to be uncooperative or have been in seriously cognitively impaired states (unpublished author observations): such factors would make assessment of the degree of paralysis difficult and unreliable. Additionally, in the acute setting, the ischaemic or haemorrhagic penumbra might affect patient outcome, by producing clinical symptoms indistinguishable from the infarct/haemorrhage core. 26 The penumbra area represents seriously hypoperfused brain tissue around the infarct/haemorrhage core. It contains neurons that are theoretically structurally intact but dysfunctional and which may or may not be salvageable. 27 The penumbra area may, therefore, produce misleading results in the acute setting.
Due to the reasons mentioned above, stroke patients who were in the chronic stage were selected to explore the predicting values of DTI. Based on this, further studies are needed to confirm the appropriate parameters. Once appropriate parameters have been screened for, the outcomes of stroke patients in the acute stage could be correctly predicted, helping doctors to make more informed treatment decisions.
Because this was a preliminary, smallscale clinical study rather than a randomized clinical study, only 10 patients in the CPH group and 10 matched patients in the PPH group were enrolled. Future studies need to include more patients in order to study further the relationship between the parameters of DTI and the clinical measures. Based on the results of this study, rFA, rλ 23 and rMD may be useful for predicting the outcome of hand function in stroke patients.
